In terms of parallel hybrid electric vehicles (PHEVs), adverse effects resulting from jerk and clutch frictional loss during mode transition operating could damage the ride comfort of passengers and clutch lifespan. To tackle these issues, a coordination control strategy based on cascade predictive control method is presented in this paper. Firstly, dynamic models of PHEV during different mode transition periods are discussed based on characteristics of power sources and clutch states. Secondly, based on the proposed transition models at different stages, model predictive control is considered based on multi-constraints including jerk restriction and physical constraints of dynamic components aiming to reduce the vehicle jerk and clutch frictional loss. Thirdly, in order to realize an accurate and fast response to engine torque, a cascade PID-based controller with high sampling frequency is employed to compensate the engine torque, and further to achieve a smooth mode transition process. Finally, the proposed control strategy is simulated and verified by co-simulation with Matlab/Simulink and Cruise, whose results show that the proposed methods can reduce the vehicle jerk and clutch frictional loss effectively.
I. INTRODUCTION
With growing energy crisis and air pollution, parallel hybrid electric vehicles(PHEVs) have attracted much attention of researchers and engineers [1] - [5] thanks to its fuel efficiency and emission reduction. PHEVs equipped with multiple power sources can operate in different operating modes [6] - [9] , such as the pure electric mode, the engine driving mode, and the hybrid driving mode. In the pure electric mode and engine driving mode, the vehicle is powered by electric power and engine, respectively, while in the hybrid driving mode, both of the motor and the engine are utilized to propel the vehicle simultaneously. As for PHEV, the pure electric mode is effective way to reduce pollution on environment. However, in some cases where the dynamic requirement cannot be meet such as accelerate operating, The associate editor coordinating the review of this manuscript and approving it for publication was Jianyong Yao . the vehicle need switch into the hybrid mode to provide larger torque for obtaining demand power.
In order to meet the vehicle's power demand, reduce energy consumption, the operating mode needs to transit among multiple modes smoothly according to driving conditions [10] , [11] . However, the torque transient response of the engine is much slower than that of the motor, and the control of engine torque is more difficult, which can easily cause torque fluctuation or torque lag during the mode change process. The clutch action of engagement and disengagement allowing the engine to be connected or separated from the drivetrain can also deteriorate the driving performance of the vehicle, consuming additional energy known as frictional loss in clutch slipping stage. It can be seen that during the mode transition, different dynamic characteristics of the power sources and clutch states could lead to torque fluctuations and clutch frictional loss, which are harmful to the ride comfort and clutch lifespan [12] - [14] . Obviously, it is vital to design the corresponding control methods to coordinate the motor, VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ engine and clutch at the same time during the mode transition. Therefore, how to realize a dynamic coordination control in mode transition operating is an important and challenging research topic on improving the whole performance of PHEVs, and has attracted the attention of many scholars, with many research findings obtained.
In [15] , [16] , torque compensation control strategy is proved to be one of the promising methods, which can decrease the total driving torque fluctuation during mode transition process by using motor to compensate output torque lag of the engine. However, the impact of clutch on mode transition performance is not considered [15] , [16] . As for the existing impacts of clutch, many control methods are proposed, such as fuzzy control, PID control, H ∞ robust coordinated control and mu-integrated robust control [17] - [22] . A coordinated control strategy combining motor torque compensation control and clutch fuzzy control strategy is proposed to suppress the vehicle jerk and improve the ride comfort [17] . Based on PID control, motor torque compensation with gear shifting for the mode transition is considered to resolve drivetrain shock [18] . Torque coordination control based disturbance compensation is introduced to alleviate the torque oscillation during mode transition and suppress the vehicle jerk [19] . Considering the discontinuity of the clutch, a model reference control law is proposed to obtain a good mode transition performance [20] .
Besides these results, H ∞ robust coordinated control method, mu-integrated robust control method and the hybrid theory [21] , [22] are employed for engine and motor during mode transition of PHEVs. In addition, in recent, as the signal theory, adaptive reliable control and multilayer neural-networks control develop, they provide more alternative research directions on mode transition coordination control [23] - [25] .
Although these proposed methods achieve a lot of remarkable results, these methods always assume that the calculated inputs would never reach the saturation limits of the actuators yet, it cannot be guaranteed in practice. Mechanical and electrical parts of vehicles are subjected to physical constraints. Moreover, during the mode transition, optimal objectives are multiple, including ride comfort, jerks and lower clutch frictional loss, which lead to difficulties in employing the former methods. Based on the analyses above, model predictive control (MPC) is alternative thanks to characteristics on dealing with multi-objective optimization problems, which is proved to be one promising method on considering mode transition for PHEVs [26] - [29] .
In [26] , two model predictive controllers are used to coordinate the engine and motor torque during mode transition. Some modified algorithms for model predictive controllers are designed and subject to the input and output constraints to improve the comfort the time of mode transition [27] . Taking clutch torque as an optimized variable instead of a known parameter, and combining with one model reference generating set-point signal, MPC is presented to reduce the vehicle jerk [28] . In [29] , drivability-related constraints are taken into consideration for controller design, and an explicit solution of the model predictive controller is obtained by using discretetime Laguerre functions, which ensures a smooth and rapidly mode transition [29] .
The aforementioned MPC methods [26] - [29] obtain a lot of remarkable results on mode transition of PHEVs. Compared with other coordinated control methods such as fuzzy control, classical PID control and robust control, it can be revealed that MPC has its own unique advantages to deal with groups of variables with multiple physical constraints implied in practice. Moreover, as for dealing with multiobjective optimization problems, MPC employed in dynamic coordinated control always takes several performance indices such as jerk and energy loss into consideration at the same time, which also distinguishes it from other coordinated control methods.
However, how to utilize the different characteristics of engine and motor to realize fast and accurate response to control command still remains open. Meantime, the proposed strategies mainly consider the vehicle jerk. The clutch frictional loss is always neglected during the mode transition process. Therefore, in this paper, a cascade predictive control strategy combining MPC and PID method is proposed for mode transition from pure electric running to hybrid operation of PHEVs. In the proposed control strategy, the limited jerk and the clutch frictional loss are considered for establishing constraint conditions in MPC strategy in the main loop. Moreover, the accurate and fast response to engine torque is compensated in the secondary loop by designing one cascade PID controller with high sampling frequency.
The rest part of this paper is organized as follows. Section II introduces the main structure of the powertrain of the studied PHEV, analyzes the mode transition process and establishes the dynamic model at each stage. Main results on MPC-PID cascade control strategy are presented in section III. Simulation results based on co-simulation with Simulink and Cruise, and conclusions are given in sections IV and V, respectively.
II. MODELING OF PHEV
Configuration of the PHEV powertrain is shown in Fig.1 . It consists of a conventional engine, an integrated starter generator (ISG), a traction motor, a clutch and the rest of the transmission. The clutch separates the powertrain into two parts. The one part includes engine and ISG, and the other part consists of traction motor and rest transmission. For the convenience of analysis, the structure in Fig.1 is simplified to Fig.2 , where J L is the combined inertia of the ISG, engine and clutch, J R is the combined inertia of the clutch, traction motor, gearbox, main speed reducer, differential mechanism, wheels and vehicle mass, b m is the traction motor friction coefficient and b e is the engine friction coefficient, T e is the total torque of engine and ISG, T c is the clutch torque, T m is the traction motor torque, T wh is the vehicle resistance torque, ω m is the traction motor speed, ω e is the engine speed, ω ωh is the wheel speed. 
A. VEHICLE RESISTANCE MODEL
The vehicle resistance model is composed of three separate parts: rolling resistance, air drag and mechanical friction loss of gearbox, differential and shaft bearings. The vehicle resistance torque T ωh can be expressed as follows [28] :
(1) where m is the vehicle mass, α is the road inclination angle, f r is the tire rolling resistance coefficient, ρ is the air density, C D is the aerodynamic drag coefficient, A V is the vehicle frontal area, a 0 , a 1 , a 2 are the transmission friction curve fitting factors, respectively.
Since the developed powertrain model is used for low vehicle speed and the last one term provides fewer contributions to T ωh [26] , Eq.(1) can simplified as follows
where
Herein, the tire rolling resistance coefficient f r is assumed to be constant during the short mode transition process, therefore T ωh0 can be regarded as a constant part of vehicle resistance in the developed cascade predictive control strategy of this paper.
B. PHEV DYNAMIC MODELS
In the mode transition process, operating states of engine, motors and clutch always change, meanwhile, the powertrain model of PHEV should be discussed under operating states. Considering that different characteristics of each stage can lead to different influences on switch performances, therefore, the mode transition process is classified into different stages for obtaining detailed dynamic description [30] . In this paper, the transition process from pure electric mode to parallel hybrid mode is classified into four stages according to the different operating conditions of the power sources and clutch states: motor-drive stage, engine-start stage, clutch-slipping stage and hybrid-drive stage. In the following, the dynamic model of each stage will be discussed in detail for developing main results on transition coordination control of PHEV.
1) MOTOR-DRIVE STAGE
When the vehicle speed is slow, the vehicle is solely propelled by the traction motor, operating in motor-drive stage. In this stage, clutch is fully disengaged, therefore there is no relative movement between engine flywheel and driven disk, which means that the clutch slipping torque is zero. The engine unstarts and the corresponding inertia has no rotational motion. According to the traction motor dynamics, the state space equations in this stage can be denoted as follows
where i t and i f are the gear ratios of the gearbox and the main reducer, respectively. Note that the values of the gear ratios in the powertrain configuration as shown in Fig. 2 is assumed to be fixed and the torsional displacement of the half shafts is neglected based on [30] .
2) ENGINE-START STAGE
When the vehicle required speed increases, the traction motor is incapable of providing the power demand for propelling the vehicle individually. The transition from pure electric mode to parallel hybrid operation mode starts. The vehicle is still propelled by the traction motor separately and the clutch remains released, where the clutch torque is still zero. The engine is started to match idle speed with the help of ISG. Considering the engine has not been accessed into the driveline yet, the dynamics of the engine and the traction motor can be formulated separately. For the sake of simplicity, it is reasonable that ignoring the internal dynamics of the engine and ISG, hence the state space equations in this stage can be expressed by
When the speed difference between two sides of the clutch is less than a predefined threshold value ω, the clutch starts to engage and the transition process is proceeded into the clutch slipping stage, where the driving torque of the vehicle is provided by the motor torque and clutch torque. The clutch torque can be represented as a function of the clutch normal pressure and the speed difference between the two sides of the clutch [31] . Therefore, the state space equations during this stage can be formulated by
where, µ s is the sliding friction coefficient of clutch, F c is the clutch normal pressure, R c is the equivalent acting radius of the friction torque on clutch plate, and sign() is sign function.
4) HYBRID-DRIVING STAGE
When the speed difference between two sides of the clutch equals zero, the clutch is locked, and the transition enters the hybrid driving stage. Since the engine is connected into the driveline completely and operates on the same speed with the traction motor, the state space equation in this stage can be denoted by
In the first two stages of mode transition, the vehicle is driven by the traction motor. The operation of the engine and ISG has no effect on the performance of the vehicle and the clutch frictional loss. When the transition enters the clutch slipping stage, the engine torque is added to the drive torque by clutch. Thus, engine torque and clutch torque jointly determine the engine operation and clutch frictional loss. It is important to improve the drivability and reduce clutch frictional loss by coordinating the motor torque, clutch torque and engine torque. When the clutch is engaged, the vehicle is driven through both the motor torque and engine torque. In this stage, the total torque of engine and traction motor needs to be controlled to achieve the required torque.
III. MODE TRANSITION COORDINATED CONTROL STRATEGY
During the mode transition, the shorter duration of the mode transition, better ride comfort and less clutch frictional loss are the goals of the coordination control for mode transition.To reduce the duration of mode transition, in engine-start stage, let the ISG operate with its maximum torque to start engine to catch the idle speed as quickly as possible. After that, fuel injection and ignition are started.
In order to ensure the ride comfort, vehicle jerk measured by the derivative of the vehicle acceleration is supposed to be bounded within a recommended value range. In the enginestart stage and the clutch-slipping stage, vehicle acceleration can be represented as follows:
where V is the vehicle speed, T d is driving torque equivalent at the input side of the transmission. Considering (2), (7) can be rewritten as follows:
Thus, jerk can be denoted by the following equation:
Considering maximum value of |j| = 17.64m/s 3 in accordance with the relevant Chinese standards, let j GB = 17.64m/s 3 , then |j|< j GB can be written as:
The discrete form of (10) can be expressed as the following form:
In the engine-start stage,
Ri t i f , T m (K ) = T m (K ) − T m (K − 1), (11) can be rewritten as follows:
In clutch slipping stage, (11) can be rewritten as:
In hybrid driving stage, vehicle acceleration can be represented as follows:
In this stage,
Ri t i f , T e (K ) = T e (K )−T e (K − 1), in the same way, inequality (15) can be obtained. According to the analysis above, a coordination control strategy is proposed, and the block diagram of the proposed strategy is shown in Fig.3 .
In engine-start stage, the engine is started by ISG operating with maximum torque. Meanwhile, to ensure the smoothness during mode transition, the change rate of the motor torque T m should be satisfied with (12) . In the hybrid driving stage, the total torque of engine and traction motor is controlled to equal the required torque and the change rate of the motor torque T m and the engine torque T e should be satisfied with (15) . In the clutch-slipping stage, to guarantee a smooth mode transition process and reduce the clutch frictional loss, an innovative cascade predictive control strategy is designed. As shown in Fig.3 , the strategy is divided into two closed loops. In the main loop, the optimal demand clutch torque, engine torque and motor torque can be calculated by the model predictive controller considering the less jerk and clutch frictional loss. In the secondary loop, the PID controller is designed to achieve an accurate engine torque compensation.
A. MPC STRATEGY OF THE CLUTCH SLIPPING STAGE
In this section, the clutch slipping stage is considered by combining MPC and PID control method. As shown in Fig.4 , output at the next moment is predicted according to output at the current moment, the prediction model and feedback correction. Target output of the plant is the transient output of the reference model under the input of equivalent driver's demand torque determined by the acceleration pedal. Based on the target output of the plant and predicted values, the optimal control increment is obtained by solving cost function under state constraints. The control goal is that both the clutch primary speed and the clutch secondary speed can track output of the reference model under the constraint conditions, which not only assure that the clutch primary speed is fast equal to the clutch secondary speed to reduce clutch frictional losses during the slipping friction stage, but also assure that the vehicle runs as if it were still in pure motor drive mode.
1) PREDICTION MODEL
The prediction model can predict the output value at the next moment by the control input at current moment and its corresponding historical information to describe the dynamic change of the system.
Let ω m (K ) = ω m (K ) − ω m (K − 1), ω e (K ) = ω e (K ) − ω e (K − 1), the discrete form of (5) in clutch-slipping stage is represented as follows:
Considering complexity of PHEV powertrain, the predicted value based on mathematical prediction model isn't VOLUME 7, 2019 coincide with the output via actual system. Therefore, in this paper, the predicted value is corrected through feedback compensation such that the rolling optimization can utilize the feedback information to improve the control accuracy.
The prediction error at time K can be denoted as follows:
where e(K ) is prediction error at time K between the predicted value obtained from the mathematical model and the output of the actual system. X (K ) is output value of the actual system at time K and X (K |K − 1) is the output value at time K of predicted at time K − 1. The corrected prediction model is denoted as follows:
where H = diag(h 1 , h 2 , h 3 , h 4 , h 5 , h 6 ) is a weight matrix.
2) REFERENCE MODEL AND COST FUNCTION
To achieve a smooth mode transition from pure electric to parallel hybrid, the dynamic model of powertrain under pure electric mode is chosen as the reference model [28] . The dynamic equation of the reference model is designed as follows:
where T dem is the equivalent driver's demand torque with respect to the input side of gearbox, and ω ref is the output of the reference model. The discrete form of (19) can be expressed as the following form:
where ω ref (K ) is the value of setpoint ω ref at the sampling time point K .
The error function involving the difference between the setpoint and the predicted output should be minimum to guarantee that the vehicle runs smoothly, which can be formulated as follows (21) where N p is the prediction horizon, y(K + i|K ) is the output value at time K + i predicted at time K , y ref (K + i|K ) is the output reference value at time K +i predicted at time K , being computed by
diag(q 11 , q 12 , q 13 ) is a weight matrix, in which q 11 , q 12 , q 13 are weight coefficients. In order to avoid sudden, strong, and large-scale fluctuations of torque, the second cost function J 2 is designed as follows:
where N c is the control horizon, Q 2 = diag(q 21 , q 22 , q 23 ), the weight matrix, q 21 , q 22 , q 23 are weight coefficients, respectively. Clutch frictional loss is a crucial index for evaluating the mode transition performance and can negatively affect the lifespan of clutch. Clutch frictional loss can be calculated by
where W is the clutch frictional loss, t 1 is the initial time of the clutch slipping stage, t 2 is the terminal time of the clutch slipping stage. In order to guarantee a lower clutch frictional loss, the third cost function J 3 is given as follows: (24) where Q3 = diag(0, 0, q 33 ) is weight matrix, and q 33 is weight coefficient.
To avert case of no optimal solution to the optimization problem due to the physical system constraints, the relaxation factor is added to the cost function. Comprehensively considering (22) (23) and (24) , the final cost function is given as follows:
where ρ is weight coefficient, ε is the relaxation factor, ε > 0.
3) STATE CONSTRAINTS
The optimal result obtained from the cost function can lead to some bad things, e.g. the speed and torque of engine, clutch and motor beyond the saturation limitation of actuators. Therefore, constraints of control and output variables are designed respectively to guarantee the safe operation of the related components.
Considering the physical limitations of the actuators, constraints of control and output variables are designed as follows:
the minimum motor speed, ω e − min is the minimum engine speed, ω m − max is the maximum motor speed, ω m − max is the maximum engine speed, v u min , v y min are the relaxation coefficients corresponding to the lower bound, and v u max , v y max are the relaxation coefficients corresponding to the upper bound.
According to (13) , in order to ensure that the value of vehicle jerk is within the recommended value range and guarantee the ride comfort, the control increment constraint is designed as follows:
where D = [1, 0, 1], v u min is the relaxation coefficient corresponding to the lower bound and v u max is the relaxation coefficient corresponding to the upper bound.
B. PID CONTROLLER FOR CLUTCH-SLIPPING STAGE
The optimal engine torque, clutch torque and motor torque are obtained by the proposed MPC method. However, due to the inherent hysteresis characteristic of the engine torque response, the actual engine output torque cannot follow the target torque quickly, which affects the accuracy of the speed response of engine and the torque output of clutch, resulting in greater jerk and clutch frictional loss. Therefore, in the secondary loop control, as shown in Fig.5 , the real-time engine speed is regarded as the variable to be controlled, and a PID controller with high sampling frequency is designed to compensate the engine torque quickly to reach the desired torque and improve the control precision. Given that the optimal engine torque and clutch torque are obtained by the proposed MPC method in outer loop, then the desired engine speed ω e in the control cycle of the MPC at time k can be calculated from equation (5), namely
Defined the engine speed error as ω e = ω e − ω e , and the corresponding error equation can be written as follow:
Then PID controller can be proposed to regulate the engine speed error to zero through the ISG torque control. The compensatory torque which should be provided by the ISG motor is designed as follow:
where K P , K I , K D are parameters of the PID controller, and T em1 is the torque compensation value, also known as ISG control torque.
IV. SIMULATION RESULTS
In this section, simulation results are given to verify the effectiveness of the proposed approach. Simulation model is built by Matlab/Simulink, and vehicle model is built in Cruise shown in Fig.6 . Main parameters of the considered PHEV powertrain are shown in the Table 1 .
Main parameters of the proposed MPC and PID control strategy are designed as follows: H = diag(1, 1, 1, 1, 1, 1) , N p = 4, N c = 4, ρ = 0, K P = 3, K I = 0.291, K D = 0, 
A. EFFECTIVENESS OF THE PROPOSED STRATEGY
In order to verify the effectiveness of the proposed method, conventional MPC strategy without taking frictional loss and PID compensation into consideration is treated as the baseline. And the corresponding comparing results are shown VOLUME 7, 2019 FIGURE 6. Vehicle model. in Figs. 7-12. Fig.7 and Fig.8 show the running speed of motor and engine under the control of two strategies in the mode transition process. As can be seen from these two figures, although the mode transition duration of the proposed strategy is 0.23s longer than that of the baseline, the increasing of engine speed is smoother. Fig.9 and Fig.10 show the jerk and the clutch frictional loss obtained by using the two strategies in the mode transition process. As shown in Figs.9-10, compared with the baseline method, the absolute value of the maximum jerk gained by the proposed strategy is decreased by 72.84%, and clutch frictional loss is decreased by 12.31% during the mode transition. PID controller with high sampling frequency is adopted to compensate the engine output torque, reduce the prediction error of MPC and improve the control precision. Fig.11 and Fig.12 show speed prediction error of motor and engine under the control of two strategies, respectively. It can be seen from the comparison of Fig.11 and Fig.12 that the speed error of engine under the control of the strategy proposed in this paper is significantly lower than that of the baseline strategy, which can strongly prove that PID can effectively compensate the engine torque.
B. INFLUENCE OF PARAMETERS ON MODE TRANSITION PERFORMANCE
Several key parameters that may influence the mode transition performance are discussed in this section for better performance of the proposed strategy. In order to study the influence of ω on mode transition performance, choose ω be 6, 8, and 10, and the simulation results are shown in Fig.13 and Fig.14. From these two resulting figures, with the ω increasing, the jerk and the clutch frictional loss also increase, but the mode transition time decreases at the early stage and then increases.
The decreasing threshold value ω means the decreasing speed difference between the two sides of the clutch in (23) . Therefore, decrease the ω can reduce the clutch frictional loss and the jerk of the power transmission. However, when ω is small enough, the mode transition duration time becomes long.
In order to study the influence of Q 1 , Q 2 , Q 3 , on mode transition performance, six groups parameters are taken for simulation. The parameters and the main value of simulation results are shown in Table 2 . J max refers to the absolute value of the maximum jerk in each group. The detailed simulation results are shown in Fig.15 and Fig.16. From Figs.15-16 and Table 2 , it can be seen the smaller the jerk is, the longer the mode transition duration is. Comprehensively considering the jerk, the clutch frictional loss and the mode transition duration, the sixth group listed in Table 2 is selected to act as the values of Q 1 , Q 2 , Q 3 .
Tire rolling resistance coefficient f r is equal to 0.02 for normal concrete pavement, whereas grows up to 0.04 for snow road. In order to test the adaptability of the proposed strategy, the rolling resistance coefficient f r is set as 0.01, 0.02, 0.04 and 0.06. Fig.17 and Fig.18 show that the vehicle jerk and the clutch frictional loss with different rolling resistance coefficients are different, but are all relatively small. This indicates that the proposed strategy is adaptive to different tire rolling resistance coefficients. 
V. CONCLUSION
In this paper, a coordination control strategy based on cascade predictive control was presented to reduce jerk and clutch friction loss. Limitations of the change rate of torque were proposed to ensure smoothness during mode transition. Moreover, in clutch-slipping stage, an MPC-PID cascade predictive control was proposed, which enriches and extends the former methods. In this paper, the limited jerk and the clutch frictional loss were taken into consideration for establishing constraints and objective function in the MPC outer loop of the proposed control strategy. However, they were always neglected by the MPC coordinate control method in the previous research papers [27] , [28] . Meanwhile, the PID controller with high sampling frequency was adopted in the inner loop to compensate the engine output torque to realize fast and accurate response, taking full account of the different characteristics of engine and motor. The proposed cascade predictive method for mode transition coordination control of PHEV can achieve lower jerk and clutch frictional loss as the simulation results showed.
As for the future work, the other factors on switch performance during mode transition process, such as the engine injection/ignition timing control and clutch pressure control will be investigated, in order to further improve the mode switch performance of the PHEVs. 
